Abstract Nearly half of patients with advanced triple negative breast cancer (TNBC) develop brain metastases (BM) and most will also have uncontrolled extracranial disease. This study evaluated the safety and efficacy of iniparib, a small molecule anti-cancer agent that alters reactive oxygen species tumor metabolism and penetrates the blood brain barrier, with the topoisomerase I inhibitor irinotecan in patients with TNBC-BM. Eligible patients had TNBC with new or progressive BM and received irinotecan and iniparib every 3 weeks. Time to progression (TTP) was the primary end point; secondary endpoints were response rate (RR), clinical benefit rate (CBR), overall survival (OS), toxicity, and health-related quality of life. Correlative endpoints included molecular subtyping and gene expression studies on pre-treatment archival tissues, and determination of germline BRCA1/2 status. Thirty-seven patients began treatment; 34 were evaluable for efficacy. Five of 24 patients were known to carry a BRCA germline mutation (4 BRCA1, 1 BRCA2). Median TTP was 2.14 months and median OS was 7.8 months. Intracranial RR was 12 %, while intracranial CBR was 27 %. Treatment was well-tolerated; the most common grade 3/4 adverse events were neutropenia and fatigue. Grade 3/4 diarrhea was rare (3 %). Intrinsic subtyping revealed 19 of 21 tumors (79 %) were basal-like, and intracranial response was associated with high expression of proliferation-related genes. This study suggests a modest On behalf of the Translational Breast Cancer Research Consortium.
benefit of irinotecan plus iniparib in progressive TNBC-BM. More importantly, this trial design is feasible and lays the foundation for additional studies for this treatment-refractory disease. 
Introduction
Brain metastases (BM) are diagnosed in approximately half of all women with advanced triple negative breast cancer (TNBC) and portend a poor prognosis [1] . Retrospective series illustrate overall survival following a diagnosis of TNBC-BM is \4 months despite initial treatment with whole brain radiotherapy (WBRT) [2] . Moreover, most patients (*80 %) diagnosed with TNBC-BM experience new/progressive extracranial metastases such that systemic therapies capable of controlling both intra-and extracranial disease are needed [1] . In contrast to patients with endocrinesensitive or HER2-positive BC-BM, the addition of systemic therapy following WBRT has yet to yield improvements in survival for patients with TNBC-BM [3] . The development of effective systemic therapies for patients diagnosed with TNBC-BM is an urgent and unmet medical need. Iniparib, (BSI-201, Sanofi) a pro-drug formerly thought to be an inhibitor of PARP (Poly-ADP-ribose polymerase), is currently considered to act by altering reactive oxygen species metabolism in tumor cells [4] . The physical properties of iniparib (i.e. low molecular weight [292 daltons], lipophilic nature) may facilitate blood brain barrier (BBB) penetration making it an attractive candidate to target BM [5] . A randomized, open-label, phase III study in metastatic TNBC of iniparib plus gemcitabine/carboplatin did not meet its progression-free (PFS) and overall survival (OS) endpoints [6] . However, a pre-specified subgroup analysis of patients treated in 2nd and 3rd-line settings, a time when BM often are identified, suggested an improvement in outcome by the addition of iniparib to chemotherapy.
Irinotecan is a topoisomerase I inhibitor that has activity in metastatic breast cancer with response rates of 20-30 % as a single agent and in combination with platinum-based therapy [7, 8] . Irinotecan, known to cross the BBB as evidenced by activity in primary brain tumors, has shown preclinical synergistic potential with iniparib in xenograft models of human cancer [9, 10] . Moreover, tolerability and activity of irinotecan and iniparib have been demonstrated in the treatment of patients with extracranial metastatic breast cancer in the phase Ib setting [11] .
The current multi-center, phase II study, Translational Breast Cancer Research Consortium (TBCRC) 018, was conducted to evaluate the activity and safety of iniparib and irinotecan in patients with new or progressive TNBC-BM. Recognizing that the majority of patients with TNBC-BM are concurrently diagnosed with systemic disease, the primary objective was assessment of time to progression (TTP, intracranial or extracranial). In addition to efficacy and safety analyses, we report volumetric assessment of intracranial response, patterns of disease progression, correlative endpoints from archival tumor specimens, frequency of germline BRCA mutations, and quality of life among patients with TNBC-BM treated with irinotecan and iniparib.
Materials and methods

Patients
Patients were enrolled from 12 institutions from 7/2010-8/ 2012 and assigned to one of 2 cohorts: Cohort 1 those with new and/or unequivocal progressive BM treated with prior cranial radiation (i.e. WBRT and/or stereotactic radiosurgery, SRS) and Cohort 2 those with new radiotherapy-naïve BM for whom cranial radiation was not emergently indicated. The decision to enroll patients to Cohort 2 was made in concert with a radiation oncologist, neurosurgeon, or both.
Eligible patients had histologically-confirmed, estrogen and progesterone receptor negative (\10 %) and HER2 negative (0-1? by immunohistochemistry or non-amplified by fluorescence in situ hybridization) adenocarcinoma of the breast with BM measuring [5 mm in longest dimension on gadolinium-enhanced brain magnetic resonance imaging [MRI] . There was no limit to number of prior systemic therapies. Stable or decreasing dose of steroids for C7 days was required. Additional inclusion criteria included age[21 years, ECOG performance status of 0-2, and life expectancy of C12 weeks. Patients were also required to have adequate organ function, and no serious infection or comorbid illness.
Exclusion criteria included pregnancy/breast-feeding, previous allergic reaction to iniparib or irinotecan, intracranial hemorrhage, impending herniation or diffuse leptomeningeal disease. Use of strong CYP3A4 inhibitors (except systemic glucocorticoids) was prohibited. All patients provided written informed consent and the study was approved by the institutional review board at each site (No. NCT01173497).
Study design
This was an open-label, single arm phase II study. The primary endpoint was TTP, extracranial or intracranial, whichever occurred first. Secondary endpoints included safety and tolerability, intracranial and extracranial response rates, PFS, OS, quality of life and genetic and genomic tissue and blood-based correlative endpoints.
Administration of study treatment
Eligible patients received irinotecan 125 mg/m 2 intravenously (IV) days 1 and 8 of each 21 day cycle. When the study opened, iniparib was dosed at 5.6 mg/kg IV days 1, 4, 8, 11 of each 21 day cycle. In April 2011, based on emerging data in primary brain tumors, the dose of iniparib was raised to 8 mg/kg on the same schedule [12] . Patients receiving 5.6 mg/kg dosing of iniparib at that time were given the choice to dose-escalate. Dose delays of up to 3 weeks and two dose reductions of irinotecan (100 and 75 mg/m 2 ) were allowed. Dose reductions of iniparib were not allowed.
Efficacy assessments
Brain MRI were obtained every 9 weeks. Intracranial response was evaluated using modified response evaluation criteria in solid tumors (RECIST) criteria for the primary objective of TTP [13] . A central nervous system (CNS) response was defined as either a complete response (CR) or a partial response (PR) ([30 % decrease in the sum of the longest diameter (LD) of target lesions AND an absolute decrease of[5 mm in at least one target lesion). Progressive disease (PD) in the CNS was defined as[20 % increase in the sum LD of target lesions AND an absolute increase[5 mm in at least one target lesion OR the appearance of one or more new lesions of at least 6 mm in size. Stable disease (SD) in the CNS did not meet criteria for either PR or PD.
Volumetric changes in CNS tumor burden were assessed every 9 weeks centrally at the University of North Carolina (UNC). See Supplemental Methods for detail. An intracranial response was defined as either a CR or PR, C50 % (reduction in volumetric sum of all CNS lesions). PD was defined as C40 % increase in the volumetric sum of all CNS lesions relative to the nadir, new CNS lesions or progression of non-measureable CNS lesions [14] .
To assess extracranial disease, a serial computed tomography of the chest abdomen and pelvis and a nuclear bone scan (if bone metastases on baseline imaging) were obtained every 9 weeks. Extracranial disease status was assessed using RECIST 1.1 criteria [15] .
Safety assessments
Adverse events were assessed every 3 weeks and graded according to the NCI Common Toxicity Criteria for Adverse Events (CTCAE), version 4.0.
Correlative studies
BRCA testing
Germline BRCA1 and BRCA2 mutation testing was requested of all patients who were given options in the consent form: (1) use of known BRCA results, (2) pursue BRCA counseling and testing via Myriad Genetics as per standard of care, (3) pursue BRCA testing for research purposes only, or (4) decline BRCA testing.
For n = 6 cases, BRCA testing was performed for research purposes only at UNC. DNA was extracted from whole blood using PUREGENE extraction chemistry on the Autopure LS (Qiagen, Germantown MD 20874, USA). HaloPlex Design Wizard (Agilent) was used to design 49 target regions for the BRCA1 and BRCA2 genes covering 99.4 % (28561 bp) of the total region size. Target regions were enriched using HaloPlex Target Enrichment technology (Agilent, Santa Clara, CA, USA). Indexes were incorporated for each sample during enrichment, allowing samples to be multiplexed prior to sequencing. For full details on data processing, see Supplemental Methods.
Gene expression
Archival, formalin-fixed, paraffin-embedded (FFPE) tumor tissues were obtained and RNA was extracted (ROCHE High Pure FFPE kit, Indianapolis, IN, USA). For tissue processing, see Supplemental Methods. Expression profiling of 123 genes related to breast cancer was performed using the nCounter platform (Nanostring Technologies Ò / www.nanostring.com; Seattle, USA) [16] , see Supplemental Data 1. Raw data was log base 2 transformed and normalized using 5 house-keeping transcripts. Gene expression and clinical data are deposited in the Gene Expression Omnibus (GSE51280).
The research-based PAM50 intrinsic subtype and claudin-low predictors were used to assign intrinsic subtype to samples [17, 18] . To account for platform-to-platform bias, a total of 53 primary breast tumors representing all intrinsic subtypes were profiled to estimate a correction factor. We evaluated 7 different genomic signatures. From the PAM50 subtype predictor [17] , we evaluated correlation to each intrinsic subtype centroid (Luminal A and B, HER2-enriched, Basal-like), risk of relapse (ROR) score based on subtype and proliferation (ROR-P) and the proliferation score (mean expression of 11-proliferation related genes of the PAM50 predictor) [19] . Finally, we evaluated the VEGF-13 (vascular endothelial growth factor) gene signature [20] .
Health-related quality of life Participants' health-related quality of life (HRQL) was assessed using the Functional Assessment of Cancer Therapy, General (FACT-G) along with the Brain Tumor and Breast Cancer Additional Concerns Subscales (www. facit.org) [21] [22] [23] . See Supplemental Methods for detail. HRQL questionnaires were administered during the prestudy evaluation, every 9 weeks during treatment, at the time of progression, and at 60-day follow-up.
Statistical analysis
A sample size of 32 was chosen to achieve 81 % power to detect a difference between the null hypothesis mean TTP of 2 months and alternative of 3.15 months at a 0.05 significance level (alpha) using a one-sided test based on the number of events [24] . The target enrollment was planned at 40 to account for anticipated 20 % drop-out rate to result in 32 evaluable patients. The Kaplan-Meier method was used to estimate median time to event overall and for subgroups of interest, and comparisons between these subgroups were made using the Log-rank test. Both TTP and OS were calculated from start of treatment, and patients who died on study prior to progression were censored for TTP analyses. A paired t test was used to compare HRQL subscale scores between the pre-study and first follow-up assessments. Fisher's exact tests were used to compare toxicities between groups. To evaluate the association of best response as determined by modified RECIST and volumetric criteria, Cox proportional hazard models were fit treating response as a time-varying covariate. The association between the expression of each single gene, as a continuous variable, and response was evaluated using an unpaired two-class Significance Analysis of Microarray (SAM) [25] . Gene ontology biological processes enriched in each gene list were identified using DAVID online tool [26] . Table 1 lists the characteristics of study patients. In total, 46 patients were consented at 12 institutions between 7/2010 and 8/2012. Nine patients were consent-not-treat (n = 7 with PD during screening, n = 1 with Gilbert's Syndrome, n = 1 with hemorrhage on baseline brain MRI). Thirty-seven patients were evaluable for toxicity and 34 for efficacy. Of the 24 patients for whom BRCA status was known, 21 % harbored a germline mutation (4 BRCA1, 1 BRCA2). Recursive partitioning analysis (RPA) score was calculated and was 1, 2 and 3 in 19, 59 and 22 % of patients, respectively [27] .
Results
Patient characteristics
Toxicity and dose Intensity
Irinotecan plus iniparib was generally well-tolerated (n = 37, Fig. 1) . The most common grade 1/2 adverse events were diarrhea (51 %), nausea (46 %), fatigue (32 %), neutropenia (22 %), and constipation (22 %). The most common grade 3 or greater adverse events were neutropenia (14 %), leukopenia (5 %) hypokalemia (5 %), and decreased white blood cells (5 %).
Disease progression as defined by radiographic imaging was the most common reason for treatment discontinuation (27/34, 79 %). Four patients (12 %) experienced functional decline in the absence of radiographic progression. No patient had a serious adverse event that led to study withdrawal. One patient died while on protocol due to overwhelming respiratory infection unrelated to treatment, one withdrew for personal reasons, and one remained on protocol therapy at the time of analysis.
Eight of 34 patients evaluable for efficacy (24 %) required an initial dose modification of irinotecan to 100 mg/m 2 , and 3 of 8 required a second dose modification to 75 mg/m 2 . Seventeen (50 %) required a dose delay due to hematologic toxicity. Of the five patients who escalated the dose of iniparib to 8 mg/kg mid-study, one patient deescalated back down to 5.6 mg/kg due to grade 2 nausea. There was no difference between grade 3/4 adverse events by dose of iniparib (5.6 mg/kg vs. ever receiving 8 mg/kg, p = 0.27) or by BRCA mutation status (p = 0.99).
Efficacy
Time to progression
Among 34 evaluable patients, 32 (94 %) experienced either intracranial or extracranial progression (or both), one died on study, and the other remained on treatment as part of an extension study. The median TTP was 2.14 months (95 % CI 1.74-4.34, Fig. 2a) . In exploratory analysis, there was a significant improvement in TTP by iniparib dose (p = 0.009). Median TTP was 7.8 months for 9 patients who received 8 mg/kg, 5.7 months for 5 who received both doses, and 1.9 months for 23 who received 5.6 mg/kg. There was no difference in TTP by BRCA mutation status (2.3 months for BRCA wild-type vs. 1.6 months for BRCA mutation carriers, p = 0.91).
Overall survival
At the time of the analysis, 27 (79 %) of patients had died. Median OS was 7.83 months (95 % CI 5.10-10.2, Fig. 2b ). There was no difference in OS by either iniparib dosing (p = 0.24) or BRCA mutation status (p = 0.49).
Objective response rate
Of 34 evaluable patients, the intracranial response rate was 12 % (0 CR, 4 PR's, Table 2 ). Thirteen additional patients (41 %) had SD as best response intracranially, while for 15 (47 %), it was PD. The intracranial CBR, including those with PR and SD for C6 months, was 27 % (9/34). Of the n = 4 patients who achieved an intracranial PR, 2 harbored a BRCA1 mutation. Extracranial disease was evaluable in 19 patients, of whom 1 had a PR (5 %). Six patients (32 %) experienced extracranial SD, while 12 (63 %) experienced PD as best response. The extracranial CBR was 11 % (2/19). Site of first progression was intracranial in 38 %, extracranial in 31 % and both intra-and extracranial in 31 %.
Volumetric analysis of intracranial response
Intracranial response was evaluated using uni-dimensional (modified RECIST) [13] and three-dimensional measurements (volumetric criteria) [14] . Intracranial PR by volumetric analysis (C50 % reduction) was observed in 6 patients (22 %), SD in 11 (41 %) and PD (C40 % increase) in 10 (37 %) (Fig. 3) .
Comparing intracranial response by modified RECIST and volumetric criteria, discordance in response classification was observed (10/27, 37 %). It was more common for volumetric response to overestimate response when compared to uni-dimensinoal response classification (7/10, 70 %), see Supplemental Table 1 
Health-related quality of Life (HRQL)
Of 37 patients evaluable for toxicity, 11 completed the baseline HRQL only, and 25 completed at least a baseline and one follow-up HRQL. For details on participants, see Supplemental Results. To provide a detailed picture of subjects' HRQL, FACT subscales were all analyzed separately. For the entire population, the only significant change was in physical well-being, which declined from pre-study to first follow-up HRQL assessment (p \ 0.01). We compared the change in HRQL from pre-study to first follow-up between subjects who received a clinical benefit from the treatment versus those who did not and found no significant difference, Supplemental Table 2 . Intrinsic subtyping and correlative endpoints FFPE tumor was available from 21 patients, of which 24 total samples were analyzed (17 primary breast tumors, 2 lymph nodes, 2 brain metastases and 3 lung metastases). Three were matched pairs; 2 breast primary/lymph node pairs, 1 breast primary/lung metastases from the same patient.
Intrinsic molecular subtyping identified 19 (79 %) basal-like, 2 (8 %) HER2-enriched, and 3 (13 %) normallike tumors. Concordant with a previous molecular characterization of TNBC [28] , the two HER2-enriched tumor samples did not show high ERBB2 gene expression, but showed high EGFR gene expression. Notably, no luminal A, B or claudin-low tumors were identified. Subtype concordance between the 3 matched pairs was 30 % with 1 breast/lymph node pair both basal-like, 1 breast/lung metastases pair basal-like/normal-like and 1 breast/lymph node pair basal-like/HER2-enriched.
We evaluated the association between expression of 7 gene signatures (as a continuous variable) and intracranial response (PR vs. SD/PD). High expression of proliferation and ROR-P scores were significantly associated (p = 0.046, Mann-Whitney test) with a PR (Fig. 4) . When the previously defined cutoffs to define low/medium/high ROR-P expression were evaluated [19] , 4/10 patients with tumors classified as ROR-P high had an intracranial PR versus 0/9 patients with tumors classified as ROR-P medium (unilateral p = 0.0576, Fisher's exact test). No tumor was classified as RORP-low. There was no association between response and the VEGF-13 gene signature.
Secondly, we evaluated the association between expression of 123 breast cancer-associated candidate genes, and 5 house-keeping genes (as a continuous variable) and intracranial response (PR vs. SD/PD; PR vs. PD and PR vs. SD) (Supplemental Data 2). The comparison that yielded the largest number of significant genes (n = 38, 30.9 %) was PR vs. PD [false discovery rate (FDR) \30 %]. Concordant with the previous findings using gene signatures, the 13 genes (e.g. NDC80 and EXO1) whose high expression was associated with an intracranial PR were found to be enriched for cell cyclerelated biological processes (p \ 0.0001) (Supplemental Fig. 1) . Conversely, the list of 25 genes whose high expression was associated with intracranial PD was found to be enriched for regulation of cytoskeleton-related (e.g. CAV1 and MAPT) and transcription-related (e.g. FOXA1 and RB) biological processes. Finally, the other two possible comparisons (i.e. PR vs. SD/PD and PR vs. SD) only yielded genes whose high expression was associated with lack of PR (FDR \ 30 %). Interestingly, both of these gene lists were enriched for genes typically associated with HER2-enriched biology (e.g. FGFR4 and TMEM45B) and luminal biology (e.g. INPP4B, FOXA1, NAT1 and PGR).
Discussion
Systemic therapeutic options for patients with TNBC brain metastases (TNBC-BM) are limited, especially post-radiation therapy. In this prospective, multi-center, phase II trial of irinotecan/iniparib designed for patient with progressive TNBC-BM, intracranial CBR was *30 %. The pre-specified efficacy criteria was not met with a median TTP of 2.1 months (hypothesis 3.15 months); median OS was *8 months. Survival from the current trial are consistent with prior studies of systemic therapy to treat extracranial TNBC where PFS and OS ranged from 1.5-3.1 to 10-12 months, respectively [29, 30] . Specific to BM, a recent systemic therapy trial for patients with HER2-negative progressive breast cancer BM reported a PFS of 3.7 months despite a 63 % intracranial RR [31] . Taken together, these results speak to the treatment-refractory nature of advanced TNBC and the dire need for improved therapies. To our knowledge, this is the largest prospective trial conducted for patients with new and/or progressive TNBC-BM. The selection of irinotecan and iniparib was based on several criteria. First, at the time of the trial's conception, both agents had shown activity in the treatment of advanced breast cancer. Irinotecan administered on a weekly schedule yielded response rates of [20 % and iniparib had shown a PFS/OS advantage in advanced TNBC when combined with DNA-damaging chemotherapeutics in the phase II setting [7, 32] . Second, both agents had been shown to cross the BBB making them attractive agents to combine in the setting of intra-and extracranial TNBC [5, 10] . Third, the combination of iniparib/irinotecan was shown to be synergistic preclinically and safe in the phase I setting [9, 11] . During the course of the study, further characterization of iniparib's mechanism of action emerged. Iniparib is now considered to act by altering reactive oxygen species metabolism in tumor cells, not through inhibition of PARP [4] . A randomized phase III trial of chemotherapy ± iniparib in first or second line treatment of advanced TNBC did not show efficacy in first line; however, clinical benefit was suggested in later lines of treatment when BM are more commonly diagnosed [6] . As such and in the context of the current trial, the additional contribution of iniparib to irinotecan remains uncertain.
Several aspects of this trial set it apart from others. First, we observed of 4 patients with intracranial PR, 50 % harbored a BRCA mutation. While the sample is too small to draw definitive conclusions, there is a possible association between dysfunctional homologous recombination and sensitivity to irinotecan and/or iniparib. Secondly, gene expression analyses illustrated basal-like and/or proliferation-related gene signatures were associated with intracranial response. This is congruent with a prior report showing chemotherapy sensitivity was associated with high expression of basal-like and/or proliferation-related genes in basal-like breast cancer [33] . Finally, a *30 % discordance between uni-dimensional and volumetric intracranial response assessment was striking, as was the positive correlation between modified RECIST response classification and OS. The most accurate manner in which to measure intracranial lesion response remains under debate [34] .
To our knowledge, this is the largest series of TNBC-BM patients treated in a uniform manner, however we acknowledge limitations including small sample size and a non-randomized approach. As one of our goals was to show feasibility of enrolling this patient population to a phase II study, we selected a single-arm study design powered against historical controls such that a smaller sample size was required. This study demonstrates feasibility of successfully enrolling patients with TNBC-BM to a prospective trial.
In summary, this novel, phase II study illustrates that irinotecan and iniparib yields an intracranial CBR of *30 % among patients with new and/or progressive TNBC-BM with a tolerable safety profile and no significant Fig. 4 Correlations between intracranial response rates, BRCA mutation status, intrinsic breast cancer subtype call, ROR-P (risk of recurrenceproliferation), proliferation and VEGF-13 gene signatures. High signature expression is represented by red, medium by black and low by green. Asterisk denotes a statistically significant association detriment to quality of life. Intracranial response was associated with the most highly proliferative tumors. Based on our findings, larger prospective studies evaluating novel agents in the setting of TNBC-BM could be coupled with irinotecan. Finally, the importance of archival tissue collection and thoughtful correlative studies in future studies cannot be over-emphasized.
